TLR are involved in the detection of microbial infection as well as endogenous ligands that signal tissue and cell damage in mammals. This recognition plays an essential role in innate immune response and the initiation of adaptive immune response. We have previously shown that murine CD8 T cells express TLR2, and that costimulation of Ag-activated CD8 T cells with TLR2 ligands enhances their proliferation, survival, and effector functions. We also demonstrated that TLR2 engagement on CD8 T cells significantly reduces their need for costimulatory signals delivered by APC. We show in this study that TLR2 engagement on CD8 T cells lowers the Ag concentration required for optimal activation, and converts a partial activation into a productive process leading to a significant expansion of cells. Using altered peptide ligands, we demonstrate that TLR2 engagement increases CD8 T cell activation and enables the generation of functional memory cells in response to a low TCR signal. This increased activation is associated with an augmented activation of the PI3K. Taken together, our results demonstrate that TLR2 engagement on CD8 T cells lowers their activation threshold for TCR signal strength and enables efficient memory cell generation in response to a weak TCR signal.
T he CD8 T cells play a key role in the control of viral or intracellular bacterial infections and subsequent protection against these pathogens, but also in the control of tumor growth. The means of improving CD8 T cell activation and memorization, however, still remain an important challenge in the field of infectious diseases and cancer.
Following TCR stimulation, the fate of naive CD8 T cell and their differentiation into memory cells result from the integration of different parameters, such as the following: 1) TCR signal strength; 2) the presence or absence of costimulatory signals; and 3) the cytokine environment (1) . TCR signal strength is partly controlled by the quantity of available peptide presented by MHC molecules, and it has been shown that a T cell response is induced when the number of TCR triggered reaches an appropriate threshold (2) . TCR signal strength is also determined by the nature of the TCR ligand, i.e., the peptide-MHC complex. A single amino acid exchange in a given antigenic peptide can alter its affinity for MHC molecules or TCR, and it has been demonstrated that the affinity of altered peptide is correlated with the MHC-peptide-TCR complex t 1/2 , and thus, with the amplitude of the T cell response (3) (4) (5) . TCR signal strength is thus determined by at least two different parameters: the quantity of available TCR ligands in the environment and peptide affinity toward MHC molecules or TCR.
Furthermore, costimulatory signals are required to induce an efficient T cell activation. Indeed, it has been shown that CD28 engagement on T cells makes them more sensitive to Ag stimulation by decreasing their activation threshold (2) . CD28 engagement can also enable full activation in the presence of a partial agonist, suggesting that CD28 acts as an amplifier of the TCR signal (6, 7) .
As for CD28, TLR might act as costimulatory receptors for T cells. TLR recognize damage-associated molecular patterns, such as pathogen-associated molecular patterns conserved in different classes of microorganisms (8) , but also endogenous alarmins that signal tissue and cell damage (9) . TLR were initially found to be involved in the innate immune response and the initiation of adaptive immune response. More recently, we and others have described that T cells express certain TLR (10 -14) and that TLR ligands can directly modulate T cell responses. It has been shown that ligands for TLR2, TLR5, and TLR8 modulate the proliferation and suppressive functions of CD4 ϩ CD25 ϩ regulatory T cells (15) (16) (17) (18) , and that ligands for TLR2, TLR3, TLR4, TLR5, and TLR9 enhance the proliferation and/or the effector functions of conventional T cells (10 -14, 19, 20) . In particular, we have previously demonstrated that costimulation of Ag-activated murine CD8 T cells with the lipopeptide Pam 3 CysSK 4 (Pam), 4 a TLR1/2 ligand, enhances the proliferation, survival, and effector functions of these cells. We also reported that TLR2 engagement on CD8 T cells significantly reduces their need for costimulatory signals usually delivered by mature APC (10) . Thus, TLR ligands could directly enhance CD8 T cell responses, and therefore facilitate antiviral or antitumoral responses. In this context, TLR ligands offer new perspectives for the immunotherapeutic manipulation of T cell responses. In contrast, they could favor the activation of autoreactive CD8 T cells, leading to the emergence of autoimmune diseases. A precise understanding of their direct effects on T cells, and especially on CD8 T cells, is thus essential to anticipate adverse effects associated with their use in therapeutic protocols.
In this study, we addressed the capacity of TLR2 engagement on CD8 T cells to lower the TCR signal strength required for their activation. We tested whether costimulation with TLR2 ligands could drive CD8 T cell differentiation into memory cells in conditions that would normally lead to partial activation. We first tested whether engagement of TLR2 on CD8 T cells could lead to efficient proliferation, expansion, and differentiation into memory cells in the presence of low doses of antigenic peptide or in the presence of peptide-MHC molecule complexes that engage TCR with a low affinity. To address this question, we used the welldefined F 5 TCR transgenic model and analyzed in vitro and in vivo Ag-specific CD8 T cell responses to full agonist peptides or altered peptide ligands. Our results demonstrate that TLR2 engagement on CD8 T cells lowers their activation threshold for TCR signal strength and converts a partial activation into the generation of functional memory cells. This effect is associated with an increased activation of the PI3K/protein kinase B (PKB) signaling pathway. Ϫ/Ϫ mice were obtained from S. Akira (Research Institute for Microbial Diseases, Osaka, Japan). C57BL/6 mice were purchased from Charles River Laboratories. All mice were bred at the Plateau de Biologie Expérimentale de la Souris (Experimental Murine Biology Platform) in specific pathogen-free conditions. Experimental procedures were submitted for approval of an institutional review board, Regional Animal Experimentation Ethics Committee.
Materials and Methods

Mice
Peptides
The full agonist NP68 peptide (366 -374) (ASNENMDAM) was used to activate CD8 T cells from F 5 mice (D. Fischeux, Institut de Biologie et Biochimie des Protéines, Lyon, France). Cells were also activated with partial agonist peptides NP3R (ASRENMDAM) and NP4Q (ASNQN MDAM) (D. Fischeux, Institut de Biologie et Biochimie des Protéines, Lyon, France) (22) . These altered peptide ligands were generated by mutating the antigenic peptide in amino acid positions predicted to interact with the TCR (NP4Q) or the MHC-I groove (NP3R) (23) .
Cell preparation
CD8 T cells from spleens and lymph nodes of F 5 TCR Tg mice were first purified by magnetic beads using negative selection, and were then stained with CD8 and CD44 mAbs (BD Pharmingen) and FACS sorted according to CD8 and CD44 low expression using FACSVantage SE option Diva (BD Biosciences). The purity of isolated CD8 T cell was typically greater than 99%. Bone marrow cells obtained from TLR2 Ϫ/Ϫ mice were resuspended at 1 ϫ 10 6 cells/ml in RPMI 1640 medium supplemented with 10% FCS, 2 mM L-glutamine, 40 g/ml gentamicin (Invitrogen Life Technologies), and 50 M 2-ME (Sigma-Aldrich), and cultured for 10 days in the presence of 0.2 g/ml human rFlt3 ligand (TEBU) at 37°C. Following differentiation, 95% of cells were CD11c ϩ , and among them 80% were B220 Ϫ CD11b ϩ . Peptide pulse and dendritic cell (DC) activation were conducted on day 10 of the culture by addition of 100 nM peptide and 250 ng/ml Salmonella minesota-derived LPS (Sigma-Aldrich).
CFSE labeling
To follow cell division, cells (1-2 ϫ 10 7 cells/ml) were incubated with 0.75 M 5,6 CFSE (Molecular Probes) for 12 min at 37°C. They were then washed twice and resuspended in culture medium or in PBS (Invitrogen Life Technologies).
Cell culture
CD8 T cells from F 5 mice were cultured at 1 ϫ 10 6 cells/ml in complete RPMI 1640 medium in the presence of a dose range of the full agonist NP68 peptide or partial agonist NP3R and NP4Q peptides, with or without 2 g/ml Pam (EMC Tübingen).
Lymphoblasts were obtained by resuspending spleen cells from F 5 TCR transgenic mice at 0.67 ϫ 10 6 cells/ml in complete DMEM supplemented with 6% FCS and cultured for 5 days in the presence of 10 nM NP68 peptide and 4 ng/ml IL-2 (homemade supernatant). Cells were then washed and maintained for 6 days in the presence of 4 ng/ml IL-2. Following these steps, the purity of CD8 lymphoblasts was greater than 98%. Lymphoblasts were then activated for 30 min or 1 h with a dose range of NP3R or NP68 peptide alone or in combination with Pam (10 g/ml), macrophage-activating lipopeptide-2 (MALP-2; 1 g/ml; Alexis), or LPS (10 g/ml; Sigma-Aldrich). 
Adoptive transfer of activated CD8 T cells
Adoptive transfer of naive CD8 T cells and immunization protocol
Flow cytometry analysis of in vitro CD8 T cell responses
Forty-eight hours postactivation, CD8 T cells were stained with PE-cyanine 5-or PerCP-cyanine 5.5-coupled anti-CD8␣, anti-CD25 PE, anti-CD44 FITC, and anti-CD122 PE (BD Pharmingen) mAbs for 30 min at 4°C. After rinses, the cells were resuspended in 300 l of PBS containing 2% BSA (10 g/L) and 0.2% NaN 3 . Cells were analyzed on a FACSCalibur or a FACSCanto cytometer (BD Biosciences).
Flow cytometry analysis of in vivo CD8 T cell responses
Lymph node cells (pool of inguinal, axillary, and lateral axillary lymph nodes) from C57BL/6 or TLR2 Ϫ/Ϫ recipient mice were collected at different times after immunization. A total of 2 ϫ 10 6 cells was stained with anti-CD8 PerCP-cyanine 5.5 in combination with anti-CD44 FITC or allophycocyanin, anti-CD127 PE, and anti-CD62L allophycocyanin and biotinylated anti-CD122, anti-Ly6C, and anti-killer cell lectin-like receptor G1 (KLRG1) mAb, as described above. Biotinylated mAb were revealed by incubating cells with allophycocyanin-coupled streptavidin (BD Pharmingen). For intracellular cytokine detection assays, 1 ϫ 10 6 lymph node cells from C57BL/6 recipient or TLR2 Ϫ/Ϫ mice were incubated in 96-well plates with 0.67 l/ml GolgiStop (BD Pharmingen) and 10 nM NP68 or NP3R peptide for 5 h. After incubation, surface staining with anti-CD8␣ PE-cyanine 5 was conducted for 20 min at 4°C. After one wash, the cells were permeabilized for 20 min in Cytofix-Cytoperm (BD Pharmingen) and washed with Perm/Wash Buffer (BD Pharmingen). After one wash, anti-IFN-␥ PE (BD Pharmingen) was added to the permeabilized cells and left overnight at 4°C. The cells were then washed once with PBS and analyzed by FACS. Memory CD8 T cells were detected using NP68-H-2-D b dextramer (DakoCytomation). Dextramer staining was conducted for 30 min at 4°C. The number of F 5 CD8 T cells was calculated using the percentage of CFSE ϩ F 5 CD8 T cells (primary response) or dextramer-positive F 5 CD8 T cells (memory phase). Total cell number found in the collected lymph nodes was determined with the formula (total number of viable cells ϫ the percentage of CFSE-or dextramer-positive F 5 CD8 T cells).
In vivo cytotoxic assay
This assay was conducted as previously described (24) . NP68-or NP3R-pulsed mature DC were transferred to C57BL/6 mice that had received activated F 5 CD8 T cells 30 days previously. Twenty-four hours later, targets were prepared from a suspension of C57BL/6 spleen cells that was divided into two populations. One was pulsed with 1 M NP68 or NP3R peptide for 90 min at 37°C, washed, and labeled with a high CFSE concentration (10 M). The control population was cultured without peptide for 90 min at 37°C, washed, and labeled with a low CFSE concentration (1 M). After this, 10 7 peptide-pulsed CFSE high and 10 7 CFSE low cells were mixed and injected i.v. into the recipient C57BL/6 mice. After 18 h, spleen cells were collected and analyzed by flow cytometry to determine the proportion of CFSE-labeled target cells. The percentage of specific lysis was calculated according to the following formula: 1 Ϫ (ratio control/ratio transferred) ϫ 100. Ratio control ϭ percentage of CFSE low /percentage of CFSE high cells remaining in mice that had only received target cells, and ratio transferred ϭ percentage of CFSE low /percentage of CFSE high cells remaining in mice that had been transferred with naive or activated cells.
Western blot analysis
Whole-cell lysates were prepared by lysing 10 -20 ϫ 10 6 cells in 50 l of Nonidet P-40 lysis buffer (150 mM NaCl, 20 mM Tris-HCl (pH 7.4), 2 mM EDTA, and 1% Nonidet P-40) supplemented with protease inhibitor mixture (Sigma-Aldrich) and phosphatase inhibitors (300 mM NaF and 200 mM Na 3 VO 4 ). Protein extracts (60 -100 g) were separated on a NuPage 4 -12% Bis-Tris gel (Invitrogen) and transferred to nitrocellulose membrane (Invitrogen). Protein expression was analyzed by Western blotting using specific Abs against phosphorylated or total PKB rabbit mAbs (Cell Signaling Technology) and actin mAb (Sigma-Aldrich). Protein-Ab complexes were visualized by chemiluminescence (Western Lighting Chemiluminescence Reagent Plus; PerkinElmer).
Statistical analysis
We used Student's two-tailed unpaired t test to analyze the significance of the phenomena described in the different experimental conditions indicated in the figures.
Results
TLR2 engagement on CD8 T cells lowers the quantity of Ag required for their activation
We previously reported that TLR2 engagement on CD8 T cells enables CD25 expression and expansion of cells that have been activated with nonmatured DC (10) . We also observed that engagement of TLR2 on CD8 T cells reduces the quantity of mature DC required for a given response by 80% (our unpublished results). These results strongly support the hypothesis that TLR2 engagement on CD8 T cells reduces their need for costimulatory signals usually delivered by mature DC. Mature DC, however, generate numerous signals that participate in CD8 T cell activation, and variations in the DC:T ratio correspond not only to variable levels of costimulation and cytokine production, but also to variable quantities of peptide-MHC complexes presented to CD8 T cells.
To better characterize the role of TLR2 in CD8 T cell activation, we analyzed in this study whether TLR2 engagement on CD8 T cells could modulate the TCR signal strength required for their activation. To this end, we used a model in which antigenic peptides are mutually self-presented by CD8 T cells (25) . This enables a precise control of signals that are delivered to CD8 T cells. Naive CD8 T cells were FACS sorted from F 5 TCR transgenic mice and activated with a dose range of the full agonist NP68 peptide. Without any peptide, CD8 T cells neither proliferated nor expressed CD25 (Fig. 1, A and B) . In the presence of NP68 alone, the percentage of cells undergoing cell division increased with peptide concentration, varying from 73% with 1 nM NP68 to 91% with 1000 nM NP68, at 48 h. Regardless of the concentration, however, NP68 peptide alone induced neither high CD25 expression nor effective cellular expansion (Fig. 1, B and C) . Therefore, in the absence of any additional signal, stimulation with peptide alone induced a partial activation. In contrast, addition of the TLR2 ligand Pam to cell cultures led to the proliferation of more than 95% of cells, even in the presence of the lowest NP68 dose tested (1 nM) (Fig. 1A) . Moreover, the presence of TLR2 ligands not only induced proliferation of all CD8 T cells, but also led to an efficient activation, with high CD25 expression and significant cell accumulation (Fig. 1, B and C) . Thus, TLR2 engagement on CD8 T cells decreases the Ag concentration required for their activation and converts an unproductive proliferation into an efficient expansion.
TLR2 engagement on CD8 T cells leads to effective activation in presence of a weak TCR signal
Peptide affinity for the MHC groove or for the TCR is another important parameter that determines TCR signal strength. We therefore asked whether TLR2 engagement could also impact on the response of CD8 T cells following their stimulation with lowaffinity peptides. We previously used the full agonist NP68 peptide, but in the following experiments, we also used the altered peptide ligands NP4Q and NP3R, which have been mutated at amino acid positions predicted to interact with the F 5 TCR (NP4Q) or the MHC-I groove (NP3R) (23) . Thus, NP4Q and NP3R peptides form unstable interactions with the TCR and MHC molecules. We observed in this study that equal concentrations of NP4Q and NP3R peptides alone led to lower proliferation rates than those observed with the full agonist NP68 peptide. Interestingly, we did not detect any daughter cell in the presence of 100 nM NP4Q peptide alone, whereas, in the presence of NP4Q plus Pam, more than 70% of the cells had undergone cell division. Similarly, the addition of Pam strongly increased the percentage of daughter cells following stimulation with 100 nM NP3R peptide (18.7 vs 84.5). Moreover, we observed that CD8 T cell proliferation induced by 1000 nM NP3R in the presence of Pam was similar to that observed with 100 or 1000 nM NP68 alone, with more than 90% of the cells undergoing cell division (Fig. 2A) . These experiments also confirmed that TLR2 engagement on CD8 T cells strongly increased CD25 expression (Fig. 2B) .
We previously demonstrated that costimulatory signals delivered by TLR2 were at least as efficient as those delivered by CD28 for driving the expansion and effector functions of NP68-activated CD8 T cells (10) . Furthermore, it was shown that CD28 engagement allows lymphocyte activation in the presence of weak agonists (6, 7) . This led us to compare how engagement of these two receptors affects cellular responses following NP3R peptide stimulation. As expected, CD28 engagement increased the percentage of cells that had undergone cell division and led to a more efficient accumulation of cells in comparison with stimulation with NP3R alone. We also observed that TLR2 engagement resulted in a higher cell proliferation and expansion than CD28 costimulation (Fig. 2, C and D) . Taken together, these data demonstrate that TLR2 engagement, like CD28 engagement, leads to an effective activation in response to a weak TCR signal.
TLR2 engagement on CD8 T cells induces PKB phosphorylation
PI3K plays a key role in the signaling cascade leading to T cell activation, downstream from both the TCR and CD28 molecules (26) . Recently, it was clearly demonstrated that the costimulatory effect of TLR9 ligands on murine CD4 T cells is mediated through a MyD88-dependent PI3K signaling pathway (27) . Whether the TLR2 costimulatory effect on CD8 T cells could also be associated with molecular events linked with the PI3K signaling pathway remained, however, to be determined. PI3K had already been demonstrated to be recruited and activated following triggering of human TLR2 in THP-1 cell line (28) . We therefore questioned whether TLR2 engagement on CD8 T cells could activate the PI3K pathway. Because PKB is a primary target of PI3K, we first analyzed the effect of TLR2 engagement on the phosphorylation status of PKB in peptide-activated CD8 T cells. We observed no PKB phosphorylation in FACS-sorted naive CD8 T cells, whereas it was induced within 30 min following activation with NP68 peptide alone and was increased further in the presence of Pam (Fig. 3A) . These results were confirmed using an Ab specific for phospho-PKB substrates (RXRXXS/T) (our unpublished results). To obtain higher quantities of cell lysate material to conduct dose-response experiments, we used lymphoblasts derived from F 5 TCR transgenic mice. In agreement with the above observations in naive CD8 T cells, the FIGURE 2. TLR2 engagement on CD8 T cells enables an effective activation in presence of a weak TCR signal. Naive CD8 T cells from F 5 TCR transgenic mice were kept unstimulated or were activated in the presence of altered peptide ligands NP3R or NP4Q (100 and 1000 nM) alone or in combination with Pam or CD28 (2 g/ml). Cells were labeled with CFSE before culture, and CFSE staining (A and C), CD25 expression (B), and viable cell numbers (D) were analyzed by flow cytometry at 48 h. Numbers in histograms indicate the percentage of cells that underwent cell division, and numbers in dot plots indicate the geometric mean fluorescence intensity for CD25. Results are representative of three independent experiments. FIGURE 3. TLR2 engagement on CD8 T cells increases activation of the PI3K/PKB signaling pathway. A, FACS-sorted naive CD8 T cells were activated with or without 10 nM NP68, alone or in the presence of Pam. B, Lymphoblasts were obtained, as described in Materials and Methods, and were stimulated by a dose range of NP68 or NP3R, with or without Pam (10 g/ml), MALP-2 (1 g/ml), or LPS (10 g/ml) . B and C, After 30 min, phospho-PKB (P-PKB) and total PKB expressions were determined by Western blot. Results are representative of two (A and C) or three (B) independent experiments. addition of Pam strongly increased PKB phosphorylation in lymphoblasts, for all NP68 peptide concentration used (Fig. 3B, left  panel) . Similar observations were made after stimulation with the NP3R peptide (Fig. 3B, right panel) . The effect of TLR2 engagement on PKB phosphorylation was confirmed using MALP-2, another TLR2 ligand (Fig. 3C) . All of these data clearly demonstrate that TLR2 engagement on CD8 T cells increases PKB phosphorylation, suggesting that at the molecular level, the costimulatory effect of TLR2 ligands on CD8 T cells might be linked to an increased activation of the PI3K/PKB signaling pathway.
TLR2 engagement on CD8 T cells increases their activation in vivo
We next addressed the direct effects of TLR2 engagement on CD8 T cells in vivo. Freshly isolated and CFSE-labeled naive F 5 CD8 T cells were adoptively transferred to TLR2 Ϫ/Ϫ mice. This ensured that transferred F 5 CD8 T cells were the only TLR2 ligandresponsive cells. Recipient mice were subsequently challenged i.p. with NP68 or NP3R peptides alone or with Pam. Mice from the control group received one i.p. injection of PBS instead of the challenge, and all mice received injection of Pam or PBS on 3 consecutive days. Three days after priming with the full agonist NP68 peptide, we observed that 100% of the Ag-specific CD8 T cells had proliferated, whereas ϳ50% had proliferated in NP3R-immunized mice. Interestingly, the injection of Pam led to increased cellular proliferation of Ag-specific CD8 T cells in NP3R-immunized mice (Fig. 4, A and B) . In addition, priming with NP3R peptide plus Pam induced a significant cellular expansion compared with control mice or mice immunized with NP3R alone (Fig.  4C) . The effect of Pam required TCR engagement, because no cell accumulation was observed in mice receiving only Pam (data not shown). These results indicate that immunization with NP3R peptide led to a partial CD8 T cell activation without any cell accumulation, whereas TLR2 engagement during priming induced a significant clonal expansion. In contrast to what we observed in vitro, expansion was not similar to that observed with the full agonist NP68 peptide (Fig. 4C) . This can be explained by the complexity of immune signals in vivo or by a reduced TLR2 ligand or peptide bioavailability. Nevertheless, these results clearly demonstrate that TCR signal and TLR2 triggering can cooperate in vivo to induce CD8 T cell proliferation and expansion.
TLR2 engagement on CD8 T cells improves the generation of functional memory cells
The above experiments demonstrate that the presence of TLR2 ligands improves CD8 T cell responses induced by weak TCR signals. Even so, it remained to be shown that the TLR2 signal could drive CD8 T cell differentiation into memory cell in response to a suboptimal TCR activation. In the above in vivo model, which consists in a single injection of peptide, activation signals received by T cells enable their proliferation and expansion, but do not lead to the generation of memory cells, even in the presence of the full agonist NP68 peptide (our unpublished data). Therefore, we decided to use another model previously described by von Andrian and colleagues (29) to generate memory cells and which allows a precise control of activation conditions. According to this model, we activated F 5 CD8 T cells in vitro with NP3R in the presence or absence of TLR2 ligands. After 3 days of activation, cells were extensively washed to remove any residual Pam or peptide, and a constant number of activated CD8 T cells was adoptively transferred to recipient mice. At that time, all peptide-activated CD8 T cells showed an effector phenotype because they expressed high levels of CD44 and heterogeneous levels of Ly6C and CD62L. They also expressed CD122 and CD127 (Fig. 5A) . Thirty days after the adoptive transfer, activation of cells with the NP3R peptide alone resulted in the recovery of a small number of Ag-specific cells. These cells expressed CD127, heterogeneous levels of CD44 and Ly6C, and no CD122 (Fig. 5A) . In contrast, when cells were activated in the presence of NP3R and Pam, a 5-fold higher number of Ag-specific cells was recovered (Fig. 5B) . They presented a memory cell phenotype characterized by CD127 expression, high levels of CD44 and Ly6C, and low level of CD122 (Fig.  5A) . Furthermore, we did not detect any KLRG1 expression, and CD62L, which is down-regulated by effector cells and effector memory cells, was expressed (Fig. 5A) . Thus, cells recovered after activation in presence of NP3R and TLR2 ligands were memory cells rather than long-lived effector cells. As control, we also transferred naive F 5 CD8 T cells to recipient mice. As expected, 30 days after transfer, a small number of these cells was recovered (Fig. 5B ) and they presented a naive phenotype (our unpublished data).
To better characterize the recovered cells, we tested their effector functions. After a short restimulation ex vivo with the full agonist NP68 peptide, we observed that 80% of the cells activated in the presence of Pam secreted IFN-␥, as opposed to 20% when cells had been activated with NP3R alone and 8% when naive cells had been transferred (Fig. 5C) . To determine the cytotoxic activity of transferred cells, mice were injected with NP68-pulsed mature DC and, 24 h later, a mixture of control and NP68-pulsed target cells was injected. We observed that Pam-stimulated cells had acquired higher cytolytic functions than unstimulated cells or cells primed with NP3R alone (Fig. 5D) . Of note, when NP3R peptide was used, instead of NP68 peptide, to reveal effector functions, we also observed that cells that had been activated in the presence of Pam presented higher IFN-␥ secretion (supplementary Fig. 1A ) 5 and cytolytic functions (supplementary Fig. 1B ) 5 than cells activated with NP3R alone. These effector responses were, however, weaker than those observed when NP68 peptide was used for the secondary stimulation. These data demonstrate that memory cells generated following stimulation with NP3R and Pam are able to develop effector functions in response to a secondary stimulation with the partial agonist NP3R peptide as well as with the full agonist NP68 peptide.
Collectively, these results demonstrate that costimulation of CD8 T cells via TLR2 results in the generation of functional memory cells, even in the presence of a suboptimal TCR signal.
Discussion
It is now clearly established that certain TLR are expressed on T cells and that their respective ligands can directly modulate T cell functions (11-14, 19, 20) . We previously reported that TLR2 stimulation lowers CD8 T cell dependency for costimulatory signals normally delivered by mature APC (10) . We have shown in this study that TLR2 engagement on CD8 T cells can also directly lower the TCR signal strength required for T cell activation. Indeed, we have shown that TLR2 engagement on naive CD8 T cells can convert a partial activation in response to a suboptimal TCR signal into an efficient activation characterized by a strong proliferative response with high levels of CD25 expression, by the expansion of Ag-stimulated cells, and by the generation of functional memory CD8 T cells. We have also shown for the first time that TCR and TLR2 signals cooperate in vivo to induce naive CD8 T cell proliferation and expansion in response to altered peptide ligands. Together with the recent report of Marsland et al. (30) demonstrating that TLR9 engagement in CD4 T cells is sufficient to restore proliferation of anergic protein kinase C--deficient T cells, our results indicate that the threshold for TCR-mediated signaling can be directly modulated by TLR2 and TLR9 engagement in T cells. At a molecular level, we have shown in this study that TLR2 engagement on CD8 T cells increases PKB phosphorylation induced after TCR stimulation with low doses of peptide or with altered peptide ligands. In addition, the involvement of the PI3K/ PKB pathway downstream from TLR9 engagement in CD4 T cells was clearly established by Gelman et al. (27) . They reported that the comitogenic effect of CpG DNA on CD4 ϩ T cells is associated with the recruitment of the p85 subunit of PI3K to the MyD88 adaptor molecule and with an increased phosphorylation of PKB and glycogen synthetase kinase-3. All of these results strongly suggest that the capacity of TLR ligands to decrease the threshold for TCR-mediated signaling might be linked to an increased or more sustained activation of the PI3K/PKB signaling pathway.
Given these results, it can be considered that the capacity of TLR to lower the signal strength required for T cell responses is a potential mechanism for tolerance breaking in response to danger signals, thus favoring the emergence of autoimmune diseases. The association of danger signals with the onset of autoimmunity is usually attributed to molecular mimicry as well as an inflammatory cytokine-rich context allowing presentation of self-Ag by APC (31) . Tolerance breaking could also be induced by endogenous signals and, as an example, available data indicate that the development of autoimmune disorders can be elicited by defects in the clearance of dead cells (32) . Because TLR recognize not only microbial products, but also self-derived ligands, new insights on the development of autoimmune diseases are provided by the demonstration that their ligands can directly decrease the threshold for T cell activation and also transiently revert regulatory T cell functions (16 -18) . In support of this hypothesis, it has been demonstrated, using a model of lyme arthritis, an autoimmune disease 5 The online version of this article contains supplemental material. associated with an infection by Borrelia burgdorferi, that the outer surface protein A of this bacterium stimulates TLR2 and could directly trigger the release of proinflammatory cytokines from effector T cells (20) . Evidence for a direct role of TLR on effector T cells in the development of autoimmune diseases has also been recently suggested in a model of experimental autoimmune myocarditis induced by immunizing protein kinase C--deficient mice with myosin peptide in CFA (30) . In those mice, systemic administration of CpG in addition to immunization with myosin H chain peptide is required to develop an autoimmune myocarditis. The authors demonstrated that CpG could act directly on CD4 ϩ T cells in vitro to reverse their anergic status and restore proliferation and survival of these cells. Yet, exogenous IL-6 and TGF-␤ were still required for further Th17 differentiation and consequent disease development. Finally, TLR have also been implicated in the conversion of T cell autoreactivity into autoimmune disease in a model of diabetes induction in receptor interacting glycoprotein (GP) mice following immunization with lymphocytic choriomeningitis virus (LCMV) peptide (33) . In this model, and in contrast to LCMV infection that induces diabetes, immunizing with LCMV-GP-derived peptide induced a large number of autoreactive cytotoxic CD8 T cells, but no diabetes. The coadministration of TLR3 or TLR7 ligands, however, elicited overt autoimmune diabetes. To explain that phenomenon, Lang et al. (33) proposed a role of TLR on the organ itself, with an up-regulation of MHC-I expression by ␤ cells. Nevertheless, a direct role of TLR ligands on cytotoxic CD8 T cells was not excluded because the authors reported a delayed expansion of autoreactive CD8 T cells after LCMV infection in receptor interacting protein-GP mice deficient for the common TLR adaptor molecule MyD88.
The decrease of the CD8 T cell activation threshold and, more importantly, the improvement of functional memory CD8 T cell generation also present interesting perspectives in the field of vaccination. Many studies have in fact underlined the preponderant role of CD8 T cell responses toward intracellular bacteria, such as Listeria monocytogenes and viruses, such as hepatitis C virus or HIV (34, 35) . These studies point out the necessity of testing new immunization routes or of designing new adjuvants to induce not only humoral, but also CTL responses to vaccines. At the moment, some synthetic TLR ligands are being examined in clinical trials, based on their effects on APC and especially on DC (36) . According to recent results, including ours, prospects for new adjuvants should take into account the fact that TLR agonists could also be used for their direct effects on CD8 T lymphocytes. The capacity of TLR2 ligands, such as lipopeptides, to potentiate CD8 T cell effector response and memory generation in response to poorly immunogenic Ag or to low dose of Ag could in fact improve the efficacy and safety of vaccine candidates. To support this hypothesis, it has been clearly established for many years that the conjugation of a peptide with a lipid moiety strongly enhances immune responses (37) . Moreover, HIV lipopeptide vaccines have been recently shown to induce HIV-specific CD4 and CD8 responses, at least in non-HIV-infected volunteers (38) . Finally, studies in mice in vivo have reported that lipidated, but not nonlipidated vaccines induce protection against influenza virus or the intracellular bacterium L. monocytogenes (39) . These effects are TLR2 dependent. However, the direct contribution of TLR2 on T cells has never been investigated.
Our results show that TLR2 engagement on CD8 T cells induces a potent costimulatory signal and promotes an effective immune response that leads to the generation of efficient memory cells, even in the presence of a suboptimal TCR signal. These results open interesting perspectives for the design of new vaccine adjuvants. Molecules that modify the lymphocyte activation threshold, however, should be carefully used because of their potential to induce autoreactivity.
